The blue-green algae Microcystis aeruginosa and Phormidium tenue were grown in nutrient-limited continuous cultures and together in mixed continuous cultures under various N: P supply ratios and temperatures. The Droop model accurately described the growth of these two algae. Competitive abilities for P and N distinctively differed among these two algae. In competition experiments, A4. aeruginosa was the superior competitor under conditions of low N : P supply ratio and high temperature, whereas P. tenue was superior under conditions of high N : P supply ratio and low temperature, which corresponded to field observations of the algal community in Lake Kasumigaura. Both laboratory and field observations suggest that the N : P supply ratio and temperature are significant environmental factors affecting the relative abundances of A4. aeruginosa and 1'. tenue.
In Lake Kasumigaura, Microcystis has generated dense blooms in summer since the 1970s. In recent years, the N: P ratio of lake water has increased. This increase has been caused by the discharge of nitrogen in untreated wastewater, nitrogen loading from agricultural fields, the spread of phosphorus-free detergents, and other factors. Microcystis has simultaneously decreased and been replaced by the filamentous blue-green algae Phormidium and Oscillatoria in summer. Previous research in Lake Kasumigaura attributed this change to the increase in the N: P ratio (Takamura et al. 1992) . In the lakes, Microcystis dominates in only summer, whereas filamentous blue-green algae such as Phormidium and Oscillatoria dominate in all seasons, so that temperature also seems to affect their composition. It has not been clear how the N : P ratio and temperature affect the relative abundance of Microcystis and filamentous blue-green algae.
The hypothesis that the N : P ratio caused changes in species composition involves competition for these nutrients. It is therefore necessary to study the competitive ability for phosphorus and nitrogen of each algae in pure culture along a temperature gradient. It is well known that algal growth rates depend on external and internal nutrient concentrations. Monod's equation (1950) describes the relationship between algal growth rate and dissolved nutrient concentrations. Many researchers have reported on this relationship for a variety of nutrients and algal species (e.g. Tilman 198 1; Grover 1989 ). Droop's equation (1973) describes the relationships between algal growth rate and cell quota (Q), the total amount of nutrient per cell. The relationship between i Present address: Department of Brewing and Fermentation, Tokyo University of Agriculture, l-l-1, Sakuragaoka, Setagaya-ku, Tokyo 156, Japan growth rate and Q has been reported for many algae (e.g. Gotham and Rhee 198 la, b; Grover 1991; Olsen 1989; Rhee and Gotham 1980; Shimizu et al. 1992) . Besides nutrients, temperature affects algal growth distinctively. Reynolds (1984) provided a review of the effect of temperature on algal growi:h rates for many phytoplankton species.
It is also necessary to analyze growth characteristics of each alga in mixed culture along the N : P ratio gradient and temperature gradient. Studies on algal competition have been reported in both mixed continuous cultures and in experiments in lake water, as well as in field observations. Sommer (1989) reviewed studies on the effect of environmental factors such as resource ratios and temperatures on taxonomic trends in nutrient competition. Smith (1983) documented a relationship between low N : P ratios and high abundance of blue-green algae vs. other algae in many lakes. Moreover, dependence of algal community structure on N : P ratio has been discussed (e.g. Barica et al. 1980; Stockner and shortreed 1988; Suttle and Harrison 1988) . Thus, resource ratios and temperature affect algal community composition. However, there is little information about competition among blue-green algae such as Microcystis and filamentous bluegreen algae under gradients of N : P ratio and temperature. In this paper, we examine the competitive,abilities for P and N of Microcystis aeruginosa and filamentous blue-green algae Phormidium tenue in P-limited and N-limited continuous cultures in single species and in mixed cultures under various N : P supply ratios and culture temperatures.
Materials and methods
Experimental algae and culture conditions-P.
tenue was freshly isolated from Lake Kasumigaura in Japan and A4. aeruginosa formerly isolated from the lake was obtained from the National Institute for Environmental Studies (culture collection No. NIES299). The algae were grown in chemostats for both the nutrient-limited and mixed culture experiments. The two algae were grown in mineral M-l 1 medium consisting of 100 mg of NaNO,, 10 mg of K,HPO,, 75 mg of MgSO,.7H,O, 40 mg of CaC1,.2H,O, 20 mg of Na,CO,, 6 mg of Fe-citrate, and 1 mg of Na,.EDTAe2H,O in 1 liter of pure water, in which the P concentration had been reduced to 0.1 mg liter-' for the P-limited continuous cultures and the N concentration to 1 mg liter-l for the N-limited continuous cultures. The pH was adjusted to 8 with NaOH and HCl (0.1 N). KC1 was supplemented to prevent K deficiency owing to the reduced K,HPO,. M. aeruginosa and P. tenue were inoculated into the medium to give initial densities of 4,500 cells ml-' and 500 filaments ml-', respectively. The cultures were grown in glass vessels and a working volume of 1.3 liters of culture was maintained via overflow. Flat glass vessels (thickness along incident light, 3.5 cm) were used to prevent light extinction through the culture and light limitation with increase in biomass. Medium was supplied at a dilution rate 0.2 d-l. The vessels were set in water baths that kept the culture temperature at 20 or 30°C. Mixing was effected by bubbling filtered air (pore size, 0.2 pm) through the cultures. Light was supplied continuously with fluorescent bulbs at photon fluence rates of 0.39X lOI quanta cm-2 s-l. Algal density was counted with a microscope. Filament lengths of 40 pm were counted as one filament in the case of P. tenue. Total N, total P, dissolved total N, dissolved total P and nitrate and phosphate in the overflow were measured with a TBAACS 800 autoanalyzer (Bran & Luebbe Co.) .
From these experiments, nutrient-limited growth curves, growth rates (p), and limiting nutrient concentrations over time [S(t)] were obtained. These data were analyzed by fitting Droop's equation. Traditionally, Droop's equation is applied to steady-state growth kinetics in continuous culture. Grover (1991) reported that Droop's equation described the relationship between cell quota and population growth rate of ChZoreZZa and Scenedesmus in nonsteady-state continuous cultures. He also reported that the equation was applicable to nonsteady-state growth and that its parameters could be estimated from the transient approach to a steady-state. Therefore, we applied the Droop model to such data. The growth rate (p) over 2-d intervals was calculated every day as
where N(t) is the number of algae on day t (cells or filaments ml-l) and D is the dilution rate (d-l). Cell quota on day t [Q(t)] was calculated every day as
where So is the limiting nutrient concentration in the nutrient supply (mg liter-'), S(t) is the limiting nutrient concentration in the overflow (mg liter-l), and W(t) is the algal dry weight on day t (mg liter-l). The resulting estimates of p were then regressed against Q(t), fitting Droop's equation as (3) where, P',,,~~ is the apparent maximal growth rate (d-l) that would occur if the cell quota were infinite, and Qmi,, is the minimum cell quota (mg N or P mg DW-I).
Competition experiments-M aeruginosa and P. tenue were inoculated together into modified M-l 1 medium (P concentration reduced to 0.1 mg liter-' and N concentration reduced to 1 mg liter-') to give initial densities of 7,600 cells ml-' and 1,900 filaments ml-', respectively. These numbers correspond to 0.1 mg DW liter-'. The two strains were grown together in chemostats for 34 d at four N : P supply ratios (11, 22, 44 , and 89 by moles). P concentrations were fixed at 0.1 mg liter-', whereas N concentrations were varied (0.5, 1, 2, and 4 mg liter-'). The dilution rate was set to 0.1 d-l. The culture vessels were set in water baths to maintain culture temperature at 20, 25, and 30°C. These culture conditions were similar to those for the nutrient-limited growth experiments. The cell counts of both algae were converted to dry weights to determine which alga was dominant in each mixed chemostat culture.
Results
Nutrient-limited growth of two algae-The Droop model was applied in this study because the Monod model did not accurately describe the relationship between external nutrient concentration and growth rate in the transient growth of these two algae. Data regarding the relationship between growth rate and Q(t) for which the algal densities were < 10" cells ml--' for M. aeruginosa and < lo4 filaments ml-l for P. tenue were rejected because errors that arise in the N and P measurements may affect the estimation of cell quotas directly when algal density is low, making the Q(t) estimates unreliable. The growth of the two strains was fitted to the Droop's equation except for the P-limited growth of IV. aeruginosa at 20°C (Figs. 1, 2) . The growth rate of M. aeruginosa at 20°C had no relationship to P cell quota and remained lower than that of P. tenue. The N-limited growth rate of P. tenue increased at higher cell quotas than did M. aeruginosa. At 3O"C, the relationships between growth rate and P cell quota of the two strains were similar, but the N-limited growth rate of P. tenue remained significantly lower than that of M. aeruginosa. The N-limited growth rate of P. tenue increased slowly at higher N cell quotas. Under N limitation at both temperatures, the range of P. tenue cell quotas was broader than that of A4. aeruginosa.
Kinetic constants were calculated by fitting the data for growth at P limitation ( N and P of the two strains were higher at the lower temperature. The estimated p',,,, of A4. aeruginosa was higher at 3O"C, but that of P. tenue was higher at 20°C. The optimum N : P ratios for 44. aeruginosa and P. tenue grown at 3O"C, which were calculated as nitrogen emi,, divided by phosphorus Qmin, were calculated as 51 and 88 (by moles), respectively.
Growth of the algae in competition experiments--When M. aeruginosa and P. tenue were grown in chemostats together at 2O"C, P. tenue grew faster than M. aeruginosa and dominated at all N : P supply ratios (Fig. 3) . The maximum densities of M. aeruginosa were -1 mg liter-' at all N : P supply ratios. At 2O"C, the amount by which P. tenue density exceeded that of M. aeruginosa increased with the increase in N: P supply ratio. At 25"C, the two strains grew at approximately the same rate until day 6 (Fig. 4) . Thereafter, at N : P supply ratios of 11, 22, and 44, P. tenue decreased. After day 20 at N : P supply ratios of 11 and 22, the densities of P. tenue decreased to CO. 1 mg liter-'. However, densities of P. tenue at N : P supply ratio of 89 were > 10 mg liter-' after day 10. Densities of A4. aeruginosa were high at N : P supply ratios of 22 and 44 and were >lO mg liter-' after day 10. M. aeruginosa dominated at all N : P supply ratios except 89, at which P. tenue dominated. Algal succession with the change in N : P supply ratio was observed at 25°C. At 3O"C, densities of P. tenue decreased to CO.1 mg liter-l, whereas those of M. aeruginosa remained approximately constant at N : P supply ratios of 11, 22, and 44 (Fig. 5) . M. aeruginosa dominated the competition at all N : P supply ra- Time course of nitrate and phosphate concentrations in the overjlow in competition experiments-Nitrate and phosphate concentrations were reduced to the detection limits after day 10 at all temperatures at N: P supply ratios <44 (data not shown). At N : P supply ratio of 89, phosphate decreased to the detection limit, whereas nitrate decreased with increasing algal density until day 10, after which it rose steadily by the end of the experiments, reaching -2 mg liter-' at each temperature. On the basis of the analytical data, the cultures were under N and P colimitation at N : P supply ratio of <44 and were P limited at 89.
Discussion
Growth of two blue-green algae was well described by Droop's equation, and this model proved useful for evaluation of nutrient and population dynamics. Figures 1 and 2 suggest that as temperature increases, the species-specific competitive abilities for P converge whereas those for N diverge. With an increase in temperature, the competitive ability of M. aeruginosa for P increases whereas that of P. tenue for N decreases, suggesting inverse tradeoff in resource-specific competitive ability in these species with regard to temperature. The phosphorus Qmin is similar in these species, whereas the nitrogen Qmin of P. tenue is twice as large as that of M. aeruginosa, indicating that P. tenue demands more N for growth than does M. aeruginosa. The phosphorus Qmin of M. aeruginosa estimated in this study largely agreed with the results of Shimizu et al. (1992) . Rhee growth of two algae is influenced by the N : P supply ratio and Gotham (1980) reported that the nutrient pool size for and temperature. A4. aeruginosa was the superior competitor P was much larger relative to the total cell quota than in the at low N : 1' supply ratios and high temperatures, whereas P. case for N. That finding agrees well with our results for M.
tenue was superior at high N : P supply ratios and low temaeruginosa, for which the change in the N cell quota was peratures. At 25"C, P. tenue dominated competition at N : P much smaller than the change in the P cell quota (Figs. 1, supply ratio of 89 (under P limitation) because nitrate supply 2). However, in the case of P. tenue, our results did not was sufficient for growth of P. tenue and probably its P follow this pattern. The changes in the N cell quota of P.
uptake rate was higher than that of A4. aeruginosa. However, tenue were almost as large as those for l? Nitrogen pool size M. aeruginosa dominated at N: P supply ratio <44 (under and Qmin clearly differed in these algae. The p',,,, of M.
N and P colimitation) because growth of P. tenue was more aeruginosa was higher at 30°C and that of P. tenue was susceptible to N limitation than M. aeruginosa, as demonstrated in N-limited continuous cultures. The decrease of higher at 2O"C, indicating that M. aeruginosa is better adapted to higher temperatures and P. tenue to lower temperaeach alga tmoward the end of mixed cultivation at N : P supply tures. The increase in nitrogen and phosphorus Q,,,, values ratio of 89 might be due to light limitation (Figs. 3d, 4d , and observed at lower temperatures suggests these algae require 5d) because nitrate was sufficient and 0.1 mg liter-' phosmore nutrients under such conditions. It is hypothesized that phate supply had a potential to produce -50 mg liter -I biodifferences in competitive ability for nutrients in these spemass when no other factors limited the growth. We ruled out cies lead to differences in dominance between M. aeruginosa the effect of light limitation on competition because consisand P. tenue, with changes in the N : P supply ratio and temtent results were obtained in these experiments despite difperature in lakes.
fering total biomasses of algae and the potential for selfshading.
In the competition experiments, we have shown that the There are many studies on resource ratios and competition that used pairs of species from clonal cultures or multispeties assemblages taken directly from lakes. Sommer (1989) reviewed studies on resource ratios and competition, in which taxonomic trends in nutrient competition were mentioned. Reynolds (1984) , however, reviewed studies on field observations of diatom communities (e.g. Asterionella, Cyclotella) and emphasized that the relationship between dominant algae and resource ratio is much less clear than reported by Tilman (1981) . Moreover, Reynolds (1992) explicitly stated that resource ratios were probably of little value in managing lakes and reservoirs.
In Lake Kasumigaura, Microcystis was dominant until 1986, when it decreased and was replaced by filamentous blue-green Phormidium and Oscillatoria in 1987. Filamentous blue-green algae have since dominated in every year. Takamura et al. (1992) thought that the species shift from Microcystis to Oscillatoria was caused by an increase in the molar N :P ratio of lake water (<22 before 1986, but >44 after 1987, during growing season). This hypothesis is supported by the observation that there has been no change in the grazer community (Hanazato and Aizaki 1991) and fishery management during this period. In our competition experiments, Microcystis dominated at N : P supply ratio <44, and Phormidium dominated at >44. This result seems to correspond with Takamura's report, which provides convincing evidence that the increase in N : P ratio was an important environmental factor regulating the succession.
Phormidium tenue dominated the competition at 2O"C, but at >25"C M. aeruginosa dominated at N: P supply ratio <44. The succession from P. tenue to M. aeruginosa with increased temperature conforms to difference in competitive ability in these two species observed in Figs. 1 and 2 and is consistent with the seasonal succession observed in Lake Kasumigaura, where Microcystis dominates only in summer but P. tenue can dominate in any season. It is well known that temperature regulates phytoplankton selectivity in fields (Reynolds 1984) . Algal succession along the temperature gradient obtained in this study supports temperature selectivity of algal community.
In this study we have shown that there is a difference in competitive ability of two typical blue-green algae and that coexistence and relative abundance of these algae were regulated by N : P supply ratio and temperature. The results of competition experiments agreed with field observation in Lake Kasumigaura. Although there are many environmental factors relating to change in the algal community, it became manifest that N : P ratio and temperature were important environmental factors regulating community structure of bluegreen algae in lakes.
